Abstract: Given the difficulty in developing waterflooding in tight oil reservoirs, using waterflooding huff-n-puff is an effective method to improve oil recovery. Online nuclear magnetic resonance (NMR) can detect the change in internal oil and water during the core displacement process, and magnetic resonance imaging (MRI) in real time. To improve the tight oil reservoir development effectiveness, cores with different permeability were selected for a waterflooding huff-n-puff experiment. Combined with online NMR equipment, the fluid saturation, recovery rate, and residual oil distribution were studied. The experiments showed that, for tight oil cores, more than 80% of the pores were sub-micro-and micro-nanopores. More than 77.8% of crude oil existed in the sub-micro-and micropores, and movable fluids mainly existed in the micropores with a radius larger than 1 µm. The NMR data and the MRI images both demonstrated that the recovery ratio of waterflooding after waterflooding huff-n-puff was higher than that of conventional waterflooding, and, therefore, residual oil was lower. Choosing two cycles' of waterflooding, huff-n-puff was more suitable for tight oil reservoir development. The production of crude oil increased by 22.2% in the field pilot test, which preliminarily proved that waterflooding huff-n-puff was suitable for tight oil reservoirs.
Introduction
With the increasing demand for oil, tight oil reservoirs have gradually become an important field in oilfield exploration and development, given their future potential [1] [2] [3] [4] . Because of the very low permeability and non-Darcy flow in tight oil reservoirs [5] [6] [7] , a starting pressure gradient exists during waterflooding development, which leads to difficulties during injection, a rapid production decline [8] [9] [10] , and insufficient formation energy challenges [11] . The development of tight oil reservoirs has mainly focused on the combination of horizontal wells and volume fracturing [12] [13] [14] . A large number of cracks occurs after reservoir volume fracturing [15] [16] [17] [18] , and waterflood development often results in a rapid outlet of water from the oil wells [19] . Therefore, the current volume transformation is mainly based on natural energy development [20] . The initial oil production using this process is high, but it decreases rapidly, which leads to low accumulative oil production and poor economic performance [21] . Therefore, studying economically feasible methods of supplementary formation energy for tight oil reservoirs is urgently necessary.
The tight oil reserves in the Changqing oil field have been proven to be 1 billion tons. Compared with the North American marine tight oil, the tight oil of the Yanchang Formation in the Ordos Basin is mainly composed of lacustrine sediments, with small single sand bodies, thin effective thickness, natural fracture development, low rock brittleness, and a low-pressure coefficient [11, 22, 23] . Therefore, exploration and development are difficult. A tight oil pilot test was performed in the Changqing Oilfield in 2010. In the early stage, according to the advanced low-permeability low-pressure reservoir water injection development model, the cluster well rectangle and diamond reverse nine-point well pattern were used for advanced waterflooding development. The average oil production of a single well in the first year was 1.0 t/day and, in the second year, decreased to 0.47 t/day. The annual rate of decline was 53%. The water content increased from 35.3 to 53.5% within one year, and the ratio of waterflooded wells was 37.8% in the first year, with a poor effect of waterflooding. In 2012, a horizontal well volume fracturing test was performed. The average initial production of waterflooding in a five-point well network was 12.1 t/day. The initial production at the seven points of the interlaced well network was 9.2 t/day, which was about 10 times the output of the single well in the vertical well. However, after a half-yearly production, the horizontal wells with a waterflooding development pattern were partially flooded. In 2013, the development test scale of the tight oil horizontal wells was further expanded. The complex fracture network system, composed of artificial fractures and natural fractures of reservoirs, increased the contact volume between the fractures and the reservoir matrix and increased the output of the single well. The retention fluid played a role in supplementing the formation energy, and the pressure coefficient was close to one. At this time, no waterflooding was needed to replenish the energy, and quasi-natural energy exhaustion development was adopted at the initial stage of the horizontal well volume fracturing. In 2014, the tight oil of Changqing Oilfield entered the scale development stage, which mainly used quasi-natural energy development in the horizontal wells. The average daily yield of oil was 10.0 t/day, and the water content was 39.1%. After half a year, the well oil production was 4.9 t/day, and the water content was 44.7%. After one year's production, the formation energy was obviously insufficient, the production capacity declined to 35.5%, and the recovery rate was low (7-8%). Therefore, supplementary energy methods are urgently needed in the late development of quasi-natural energy exhaustion. Further exploring the rational development mode of tight oil under volume fracturing is also required to efficiently develop tight oil.
From the beginning of the 1960s, researchers have studied potential applications of the huff-n-puff process [24] [25] [26] [27] , which mainly focused on the field application for carbonate rock and sandstone reservoirs, and carbon dioxide (CO 2 ) was mainly used as the injection medium [28] [29] [30] [31] . Although the recovery rate of CO 2 injection was higher, the cost was much higher than that of waterflooding [32] . In the CO 2 injection process, the blockage of the oil reservoir and a decrease in the oil production rate occur [33] . In fractured reservoirs, CO 2 may directly flow from injectors to producers through fractures without sweeping through the matrix, thereby reducing the sweep efficiency [34] . Given the problems arising in the development of tight oil reservoirs, waterflooding huff-n-puff has received renewed attention because of its economy and effectiveness [20] . Waterflooding huff-n-puff is suitable for well groups with low production and low formation energy. The depletion development in the early stage of tight oil reservoirs leads to the accumulation of oil at the supply boundary to the oil well under the action of elastic energy or water drive energy. A greater resistance exists around the production well, which leads to reduced production. [35] . In the process of huff-n-puff waterflooding, the formation energy is supplemented by waterflooding, the oil and water are replaced by imbibition, and the replacement crude oil flows into the bottom of the well under differential pressure. The period of waterflooding huff-n-puff is similar to CO 2 huff-n-puff, which is divided into three stages: water injection, soak, and oil recovery [30, 31, 36] .
Micro-cracks develop in tight oil reservoirs, and artificial crack networks form during volume fracturing, so tight oil reservoirs are generally regarded as a dual-pore system. The system is composed of two different mediums: a matrix and a fracture. The matrix is characterized by high porosity and low permeability, and the fracture has high permeability and low porosity [37] . This combination means that oil and gas are mainly stored in the matrix, and cracks provide the main channel for fluid flow. The oil field development process involves crude oil extraction from the matrix. Because of the imbibition replacement between the matrix and the crack, the fluid flow in the tight oil reservoir is different than that of a traditional reservoir [19] . Imbibition is a complex physical and chemical phenomenon. It is a process where the wetting phase enters the porous medium spontaneously and replaces the non-wetting phase through capillary force action [38] . In the process of imbibition, water first contacts the porous medium. Next, water enters the matrix through capillary force and moves along the wall of the porous medium, replacing part of the immovable oil. Imbibition oil recovery has become an important method used to improve oil production in tight oil reservoirs [39] . The effectiveness of the imbibition process depends on several parameters, including the size of the matrix block, the porosity and permeability of the rock, the viscosity of the fluid, the interfacial tension, the wettability of the rock, and the contact area between the wetting fluid and the matrix. A tight oil reservoir rich in micro-cracks is beneficial to imbibition oil recovery because natural fractures considerably increase the contact area of the fluid and the matrix [38] .
Because of a lower fluid content inside the tight oil core, the experimental results of the common huff-n-puff in cores have large measurement errors that are influenced by the change in the external temperature [5] . During the huff-n-puff process, the distribution of fluid in different pores inside the core cannot be obtained in time. If the core is removed from the core holder for NMR detection, the change in the confining pressure and temperature and the fluid evaporation redistribute the fluid in the core, resulting in a larger measurement error [40] . Online NMR equipment can effectively solve the above problems. Online NMR is a core detection technique combining low-field NMR with displacement equipment. Compared with traditional experiments, online NMR can measure the T 2 spectrum and scan with magnetic resonance imaging during high-temperature and high-pressure displacement experiments without core removal [41] . This technology effectively avoids the dissipation of oil and gas and the change in rock pores after pressure change, the experimental temperature is constant, and the measured data is closer to the actual situation.
This work was performed to study the effect of waterflooding huff-n-puff on the development of tight oil reservoirs and determine the appropriate huff-n-puff cycles. In this study, online NMR technology was used on tight oil cores to compare the waterflooding huff-n-puff and the conventional waterflooding experiment. The NMR data and MRI images were measured at different stages in the experiment. By analyzing the NMR data, the pore structure, oil saturation, and movable fluid saturation of the cores were obtained, and the effects of waterflooding huff-n-puff on oil recovery and residual oil distribution were studied. Through MRI images, the effect of waterflooding huff-n-puff on the development of tight oil reservoir was analyzed. Finally, the field pilot test also confirmed that waterflooding huff-n-puff is a feasible and economic process for tight oil reservoirs.
Fundamental Theory

Nuclear Magnetic Resonance and Magnetic Resonance Imaging Theory
The NMR rock sample analyzer has an external static magnetic field on its core. The hydrogen nucleus contained in the fluid of the core generates NMR signals for their own nuclear magnetic moment. The NMR signal intensity is proportional to the number of hydrogen protons contained in the sample tested. This principle is used to test the amount of fluid contained in the pores of a rock. Usually, the core NMR test method is used to measure the transverse relaxation time T 2 , which is the time from the hydrogen proton running out of the equilibrium state laterally until the equilibrium state is restored. The amplitude distribution corresponding to the relaxation time T 2 reflects the size of the specific surface in the rock pores and the strength of the molecular action on their inner surface [40, 42, 43] . The relaxation time of a hydrogen nucleus in each rock pore can be expressed by the following equation:
where T 2 is the fluid transverse relaxation time (ms), ρ 2 is relaxation rate (µm/ms), and S/V is the pore specific surface (1/µm). From Equation (1), as larger pores have corresponding smaller specific surfaces, their T 2 relaxation time is longer, and vice versa: the smaller the pores, the shorter their relaxation time.
A tight oil sandstone core with a permeability of 1.85 × 10 −3 µm 2 was used for the waterflooding huff-n-puff experiment as an example. The NMR T 2 spectra are shown in Figure 1 after saturation with simulated formation water, kerosene, and three cycles of huff-n-puff experiment and after waterflooding. MRI was used to image the different layers of the core by processing the reception, space coding, and image reconstruction of the NMR signals. MRI could visualize the change in oil content inside the core during the displacement process.
Detection of Various Parameters in the Core by NMR
NMR testing started with the cores saturated with crude oil. Using the measured NMR data, the initial oil saturation S oi was calculated as follows:
where S oi is the initial oil saturation of the core (%); T 2,min and T 2,max are the minimum and maximum T 2 relaxation time, respectively (ms); and A i,o and A i,w are the corresponding amplitude values of the T 2 time points on the NMR spectrum curves of saturated oil and saturated water, respectively (A/m). The computing equation for movable fluid saturation in cores is:
where S om is the movable fluid saturation in the core (%) and A i,a is the corresponding amplitude value of T 2 time points on the NMR spectrum curves after flooding (A/m).
Using the NMR data measured after flooding, the computing equation for the recovery ratio from the cores is as follows:
where E R is the recovery ratio of the core (%). Using the NMR technique, the oil phase micro distribution characteristics, both before and after flooding, can be quantitatively studied [44] . The equation for calculating residual oil saturation in the cores is as follows:
where S or is the residual oil saturation of the core (%).
Experimental
Geological Survey and Experimental Samples
The tight oil reservoirs of a block in Ordos Basin, China, studied in this paper have poorly developed natural fractures. The average permeability was 0.78 × 10 -3 µm 2 , and the average porosity was 13.2%. The main pore type was residual intergranular pore. The pore structures were mainly small pore throats. The average pore throat radius was around 0.19 µm, and the main pore throat radius values ranged from 0.35 to 1.03 µm. The reservoirs had poor throat distribution concentration and uniformity. They had strong heterogeneity and obvious non-Darcy seepage flows.
The experimental cores had an average porosity of 17.36% and an average air permeability of 1.19 × 10 -3 µm 2 . A total of four pieces of core were selected and divided into two groups. The specific physical characteristics of the tight oil core samples used in the experiments are listed in Table 1 .
The concentration of the brine for simulated formation water was 80 g/L. To shield the NMR signals, Deuterium water was chosen as the injection medium, and the concentration of salt in Deuterium water was 80 g/L. Kerosene was chosen as the saturated oil. At 25 • C, the viscosity of kerosene was 1.67 mPa·s, and the density was 0.8 g/cm 3 . Each fluid was filled in an intermediate container with a piston. 
Experimental Equipment
The flow chart of the experimental equipment is shown in Figure 2 . Two displacement pumps were used together to pressurize the test fluid. Two intermediate containers were used for kerosene and Deuterium water. A thermostat and a pressurized circulating pump were used to provide the same formation temperature and peripheral pressure for the core holder. An online NMR equipment was used to record the NMR T 2 data and MRI images of the cores during the experiment. 
Experimental Procedure
The basic steps of the experiment were as follows. Four pieces of core were selected for labeling, oil washing, and drying, then their dry weight was obtained; the basic parameters were measured, such as diameter, length, air permeability, and porosity. Then, the cores were vacuumed and saturated with simulated formation water. Their NMR T 2 data and MRI images under saturated water were recorded using the online NMR equipment. The cores were then dried, vacuumed, and saturated with Deuterium water to eliminate the NMR signals of the water phase. A 10 MPa pressure condition was set to saturate each piece of core with kerosenel and the displacement volume was 10 pore volume (PV). After each piece of core was saturated, NMR T 2 data were recorded using the online NMR equipment. To prevent the introduction of a nuclear magnetic signal, Deuterium water was used to perform waterflooding and the huff-n-puff experiment. Two cores were chosen for the waterflooding experiment. The displacement pressure was 10 MPa, and the displacement volume was 10 PV. After flooding was completed, NMR T 2 data and MRI images of the cores were recorded by the online NMR equipment. Other two cores were used for the waterflooding huff-n-puff experiment, for which three cycles were completed at an injection pressure of 10 MPa. In each cycle, the soak time was 12 h with a well opening time of 2 h. After the huff-n-puff experiment, without removing the core, the displacement pressure was set to 10 MPa, and the waterflooding experiment was completed at a displacement volume of 10 PV. NMR T 2 data and MRI images of the cores in each cycle and after completing flooding were recorded with the online NMR equipment. The NMR data and MRI images were used to study the core pores, oil saturation, movable fluid saturation, oil displacement effect, and residual oil distribution.
Results and Discussion
NMR Measuring Results of the Core Pores
The NMR T 2 distribution of the cores saturated with simulated formation water was converted into pore radius distribution [43, 45, 46] . The NMR data obtained from the cores saturated with simulated formation water were converted into pore radius distribution. The results are shown in Figure 3 .
According to three pore radius boundaries [47] , i.e., 0.05, 0.1, and 1 µm, the pores were classified as nanopores, micro-nanopores, sub-micropores, and micropores. The pore radius of the tight oil cores was mainly less than 10 µm, and more than 80% were sub-micropores and micro-nanopores. 
Study on Oil Saturation and Movable Fluid Saturation
The method for calculating the ratios of oil saturation in different pores was the same as that used for the ratio of the saturated simulated formation water. Table 2 shows the oil saturation in different pores after the core was saturated with crude oil. More than 77.8% of crude oil was found in sub-micropores and micropores, and the ratio of crude oil stored in micro-nanopores increased with decreasing permeability. The main reason for this finding is that the total volume of nano-and micro-nanopores was small. Though the total amount of these pores was large, the proportion of stored crude oil was very low. The fluid in the nanopores was considered immovable. Therefore, saturating the nanopores with crude oil was difficult. Overall, the higher the permeability of this batch of cores, the lower the oil saturation. The reason for this anomaly is that many large pores and channels with higher permeability were present inside the cores, creating a small flow resistance. When the cores were penetrated by crude oil, the fine pores could hardly be saturated. As little difference exists inside the cores between large and small pores with lower permeability, under the same displacement pressure, the cores required more time to become saturated at 10 PV and then they could become more fully saturated. In addition to the above reasons, slip flow and diffusion occurred especially at low pressure in the nanopores. The preferential flow path led to significant porosity and permeability underestimation. A practice that can be used to avoid this misinterpretation is to measure several permeability values under different pressures. High-pressure might be more indicative of fluid phase permeability [48] [49] [50] . Figure 4 provides the movable fluid saturations in different pores of each core. Only a small difference was observed between the movable fluid saturations in the various cores. In tight oil cores, hardly any relationship was found between permeability and movable fluid saturation. The amount of movable fluid in the micro-nanopores was not more than 10%. A small amount of movable fluid was found in the sub-micropores. Movable fluids mainly existed in the micropores with a radius larger than 1 µm. 
Study on Oil Displacement Effect and Residual Oil Distribution
The recovery ratio of crude oil in each piece of core was calculated, as shown in Figure 5 and Table 3 . For tight oil cores, the recovery ratio of waterflooding huff-n-puff was lower than that of conventional waterflooding. A large amount of kerosene was produced during the waterflooding stage after huff-n-puff. The oil in the heart of the rock entered the macropores by imbibition during the waterflooding huff-n-puff process; however, the pressure was insufficient to extract the oil from the core. The subsequent waterflooding provided enough pressure, thus effectively improving the recovery ratio. The study of the recovery ratio of each cycle showed that the first cycle for the two cores accounted for 41.4% and 40.6% of the total recovery ratio, respectively. The second cycle of the two cores accounted for 24.4% and 16.6% of the total recovery ratio, respectively, and the third cycle was responsible for 4.1% and 5.3% of the total recovery ratio, respectively. Overall, the displacement stage accounted for 30.1% and 37.4% of the total recovery ratio. The first two huff-n-puff cycles significantly contributed to the recovery ratio. The contribution of the third huff-n-puff cycle was less, which indicates that the remaining oil was difficult to recover via imbibition. In contrast to the recovery ratios of different pores, the overall recovery ratio increased in every pore type via huff-n-puff. Notably, the recovery ratios of the micropores and sub-micropores were higher than that of conventional waterflooding. The reason for this phenomenon is that most of the pores in the reservoir were hydrophilic. In the process of soaking, molecular diffusion occurs, which is important in tight reservoirs, causing a slight decrease in the average reservoir pressure. During the production period, molecular diffusion can mitigate the reservoir pressure decline. The hydrophilic nature of the reservoir accelerated the diffusion process of water and water imbibition and displaced oil into the larger pores [51] .
The calculation results for the residual oil saturation in the different pores of each core are shown in Figure 6 and Table 4 . Comparing the residual oil saturation of the two groups, the residual oil saturation was higher than in conventional waterflooding using only huff-n-puff; however, the residual oil saturation of waterflooding huff-n-puff was obviously lower than that of conventional waterflooding. Tables 2-4 and Figures 5 and 6 show that the sub-micropores contributed 49-58% of the produced oil. Because the soaking process can promote imbibition, replacing the oil from the small pores into the macropores and fractures and then accumulating oil to form the oil belt could replace more oil. Waterflooding after huff-n-puff was less than 25-38% of conventional waterflooding in residual oil saturation. In the first cycle, waterflood huff-n-puff effectively replaced oil in the micro-nanopores and nanopores. The lower the permeability, the better the effect of soaking on recovery in the small pores, and the greater the proportion of imbibition in oil recovery. Therefore, the lower the permeability, the more obvious the effect of waterflooding huff-n-puff on oil recovery. The effect of the third cycle of huff-n-puff on tight oil reservoir recovery was not obvious, because after the first two cycles, the residual oil was difficult to move via soaking. Therefore, choosing two cycles of waterflooding after waterflooding huff-n-puff is more suitable for tight oil reservoir development, which could significantly improve the oil recovery ratio while being time-efficient.
MRI Images of the Cores at Various Stages of the Experiment
MRI images can help depict the changes in a core during the development process [40] . Only kerosene had nuclear magnetic signals in the heart of the experimental core. The brighter the image, the more oil in the core. Figures 7 and 8 show the MRI images of core A and core B at different stages of the experiment. The imaging direction was in the coronal plane. The remaining oil in core B was significantly less than in core A, compared with the initial saturation oil stage. The end effect existed at the exit side, which showed a high brightness area at the end of the image. The reason for this observation is that the oil gathered under the internal pressure at the exit at the oil recovery stage. When the oil was removed from the core at the displacement stage, the end effect disappeared. 
Field Test
In 2017, the waterflooding huff-n-puff test of a horizontal well was performed in the tight oil of the Changqing Oilfield. From the production data of four wells developed by waterflooding huff-n-puff in the X well area, within seven days, the average daily production oil of a single well increased from 9.9 t to 18.2 t, and the water content decreased from 50 to 26.7%. After 30 days' production, the daily oil production in a single well was stable at 12.1 t, and the water content was stable at 23%. This is because, as a result of the strong conductivity of the volume fracturing in a relatively short time under capillary pressure, the effective imbibition and replacement between the crude oil and the injected water were removed, and the preliminary effect of waterflooding huff-n-puff of tight oil reservoir was achieved.
Conclusions
Online NMR equipment was used to complete waterflooding huff-n-puff experiments in tight oil cores and to obtain data in the process displacement without core removal. The pore structure of the tight oil cores and the changes in oil saturation in different pores during the huff-n-puff process were compared with those of conventional waterflooding, which provides a theoretical basis for the rational exploitation of tight oil reservoirs.
Some conclusions from the above study can be summarized as follows. The pore radius of the tight oil cores was mainly below 10 µm, and more than 80% were sub-micro-and micro-nanopores. More than 77.8% crude oil existed in sub-micro-and micropores, and the ratio of crude oil stored in the micro-nano pores increased with decreasing permeability. Movable fluids mainly existed in micropores with a radius larger than 1 µm.
For tight oil cores, the recovery ratio of waterflooding huff-n-puff was lower than in conventional waterflooding, and 16.9-25.2% kerosene was produced at the waterflooding stage after huff-n-puff. The residual oil saturation of waterflooding huff-n-puff was obviously lower than that of conventional waterflooding. To significantly improve the oil recovery ratio while remaining time-efficient, using two cycles of waterflooding huff-n-puff was more suitable for tight oil reservoir waterflooding development.
From the MRI images, the residual oil of waterflooding after waterflooding huff-n-puff was less than that of conventional waterflooding.
In the field pilot test, the production of crude oil increased by 22.2%, which preliminarily proved that waterflooding huff-n-puff was suitable for tight oil reservoirs. 
